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4We present a measurement of the branching fraction and time-dependent C P  asymmetry of 
B ° —>■ p°K °. The results are obtained from a data sample of 227 x 106 T(4<S) —»■ B B  decays 
collected with the BABAR detector at the PEP-II asymmetric-energy B  Factory at SLAC. From a 
time-dependent maximum likelihood fit yielding 111 ±  19 signal events we find B (B 0 ^  p0K 0) =  
(4.9 ±  0.8 ±  0.9) x 10- 6 , where the first error is statistical and the second systematic. We report the 
measurement of the C P  parameters S poKo =  0.20 ±  0.52 ±  0.24 and CpoKo =  0.64 ±  0.41 ±  0.20.
PACS num bers: 13.25.Hw, 12.15.Hh, 11.30.Er
Decays of B 0 mesons to  the p 0K 0 final s ta te  are 
expected to  be dom inated by b ^  s penguin am pli­
tudes. Neglecting Cabibbo-Kobayashi-M askawa (CKM) 
suppressed am plitudes, the m ixing-induced C P  violation 
param eter S poK o should equal sin2ß , which is well mea­
sured in B 0 ^  J /-0 K 0 decays [1]. W ith in  the S tandard  
Model (SM), only small deviations from this prediction 
are expected [2]. In the S tandard  Model , a single phase 
in the CKM  m atrix  governs C P  violation [3], bu t if heavy 
non-SM particles appear in additional penguin diagram s, 
new CP-violating phases could enter and S poKo would 
not equal sin 2ß [4]. O bservation of a significant discrep­
ancy would be a clear signal of new physics.
In th is L etter we present the first observation of the de­
cay B 0 ^  p0K 0 and a m easurem ent of the  CP-violating 
asym m etries SpoKo and C poKo from a tim e-dependent 
m axim um  likelihood analysis. A non-zero value of SpoKo 
indicates C P  violation due to  the  interference between 
decays w ith and w ithout mixing. Direct C P  violation 
leads to  a non-zero value of C poKo. We take a quasi-two- 
body (Q2B) approach, restricting  ourselves to  the region 
of the B 0 ^  n + n - KS D alitz plot dom inated  by the p0 
and trea ting  other B 0 ^  n + n - KS contributions as non­
interfering background. The effects of interference w ith 
o ther resonances are estim ated and taken as system atic 
uncertainties.
The d a ta  were collected w ith the BABAR  detector a t the 
P E P -II asym m etric-energy e+e-  storage ring a t SLAC. 
An in tegrated  lum inosity of 205 fb- 1 , corresponding to  
227 x 106 B B  pairs, was collected a t the  T(4S') reso­
nance (center-of-mass (CM) energy a / s  =  10.56 GeV), 
and 16 fb-1  was collected about 40 MeV below the res­
onance (off-resonance da ta ). The BABAR  detector is de­
scribed in detail elsewhere [5]. C harged particles are de­
tected  and their m om enta m easured by the com bination 
of a silicon vertex tracker (SVT), consisting of five lay­
ers of double sided detectors, and a 40-layer central drift 
cham ber (DCH), bo th  operating in the 1.5 T  m agnetic 
field of a solenoid. Charged-particle identification is pro­
vided by the average energy loss in the tracking devices 
and by an internally  reflecting ring-im aging Cherenkov 
detector (DIRC) covering the  central region.
We reconstruct B 0 ^  P0K <° candidates (B°ec in the 
following) from com binations of p0 and K ° candidates, 
bo th  reconstructed  in their n + n -  decay mode. For the 
n + n -  pair from the p0 candidate, we remove tracks iden­
tified as very likely to  be electrons, kaons, or protons.
The mass of the p0 candidate is restricted  to  the interval 
0.4 <  m (n + n - ) <  0 .9 GeV/c2. The KS0 candidate is re­
quired to  have a m ass w ithin 13 MeV/c2 of the  nom inal 
K ° mass [6] and a decay vertex separated  from the p0 
decay vertex by a t least three tim es the estim ated  seper- 
ation  m easurem ent uncertainty. In addition, the cosine 
of the angle in the lab frame between the KS flight di­
rection and the vector between the p0 decay vertex and 
the K ° decay vertex m ust be g reater th an  0.995. Vetoes 
against B 0 ^  D + n -  and B 0 ^  K * n - (K * ^  K Sn+ ) 
are im posed by requiring th a t the invariant masses of 
bo th  K °n  com binations are more th an  0.055 GeV/c2 and 
0.040 GeV/c2 from the K *+ and  D + masses [6] respec­
tively. To exclude events w ith poorly reconstructed  ver­
tices we require the estim ated error on A t to  be less th an  
2.5 ps and  th a t |A t| m ust be less th an  20 ps, where A t is 
the proper tim e difference between the  decay of the recon­
structed  B  meson (B°ec) and its unreconstructed  partner 
(Btag), t rec — ttag. It is determ ined from the m easured 
relative displacem ent of the two B -decay vertices and the 
known boost of the  e+ e-  system.
Two kinem atic variables are used to  discrim inate be­
tween signal and  com binatorial background. The first is 
A E , the  difference between the m easured CM energy of 
the B  candidate and a/ s /2, where a / s  is the  CM beam  
energy. The second is the  beam -energy substitu ted  mass 
toes =  V ( s / 2 +  Pi ' P b Y / E 2 -  p | ,  where the  B r°ec mo­
m entum  p B and the four-m om entum  of the initial Y (4S ) 
s ta te  (E i , p*) are defined in the labo ra to ry  frame. We 
require |A E | <  0.15 GeV and  5.23 <  m Es <  5.29 GeV/c2.
Continuum  e+ e-  ^  qq (q =  u, d, s, c) events are the 
dom inant background. To enhance discrim ination be­
tween signal and  continuum , we use a neural network 
(NN) to  combine five variables: the cosine of the angle 
between the B°ec direction and the beam  axis in the CM, 
the cosine of the  angle between the  th ru s t axis of the 
B°ec candidate and the beam  axis, the sum  of m om enta 
transverse to  the  direction of flight of the B°ec, and the ze­
ro th  and second angular m om ents L 0 2 of the  energy flow 
about the B°ec th ru s t axis. The m om ents are defined by 
L j  = T ,  i P  i x | cos 0i |j , where p i is its m om entum  and 
9i is the angle w ith respect to  the B°ec th ru s t axis of 
the track  or neu tral cluster i excluding the tracks th a t 
make up the B°ec candidate. The NN is tra ined  with 
off-resonance d a ta  and M onte Carlo (M C )[7] sim ulated 
signal events.
selected signal events are reconstructed  incorrectly
5w ith low m om entum  tracks from the o ther B  meson be­
ing used to  form the p0 candidate. In to ta l, 20,073 events 
pass all selection criteria  in the on-resonance sample.
An unbinned extended m axim um  likelihood fit is used 
to  ex trac t the  p0KS C P  asym m etry and branching frac­
tion. There are ten  com ponents in the fit: signal, contin­
uum  background and eight separate backgrounds from B 
decays. Large samples of M C-sim ulated events are used 
to  identify these specific B  backgrounds. W here an in­
dividual decay mode makes a significant contribution to  
the datase t (one or more events expected in the  data) we 
include it as a separate contribution  to  the fit. Probabil­
ity  density  functions (PD Fs) are taken from sim ulation 
w ith the expected num ber of B  background events fixed 
to  values estim ated from known branching fractions [6] 
and MC efficiencies (Table I ) . W here only upper lim its 
are available, decay modes are no t included in the  default 
fit bu t are used in a lternate  fits to  evaluate system atics.
Events from B  decays th a t do not come from individ­
ually significant channels are collected together into two 
“bulk” B  contributions to  the fit (B 0 and  B + ). The 
assum ption is m ade th a t  B 0 ^  f 0(600)KS can be ne­
glected, w ith support from [8, 9] which do not require 
th is mode to  describe B + ^  K + n + n - .
The events in the d a ta  sam ple have their unrecon­
structed  B s  flavor-tagged as B °  or B °  w ith  the m ethod 
described in [10]. Events are separated  into four flavor­
tagging categories and an “untagged” category, depend­
ing upon the m ethod used to  determ ine the flavor. Each 
category has a different expected p u rity  and accuracy of 
tagging. The likelihood function for the  N k candidates 
in flavor tagging category k is
L k  =  e -Nk n Nfc1 { N s ek [(1 — fM J p T  +  f M r P  
+ N c ,kp c k +  E ”=B1 Nb,j ej,kPBk} , (1)
where N'k is the sum  of the  signal and background yields 
for events tagged in category k, N S is the  num ber of 
p°K ° signal events in the sample, ek is the fraction of 
signal events tagged in category k, fMR is the  fraction of 
m is-reconstructed (MR) signal events in tagging category 
k and the superscrip t CR implies correctly reconstructed 
signal. N c  k is the  num ber of continuum  background 
events th a t are tagged in category k, and N B,jej,k is the  
num ber of B-background events of class j  th a t are tagged 
in category k. The B -background event yields are fixed 
in the default fit to  values shown in Table I . The values 
ek and f k are determ ined from MC for B -backgrounds 
and from a sample of B  decays of known flavor for signal. 
The to ta l likelihood L is the product of the likelihoods 
for each tagging category.
Each signal and background PD F is defined as: P k =  
P (m E s) • P ( A E ) • Pk  (NN) • P (cos 0W+ ) • P (A t)  • P (m w+w-  )
Background Mode N expected
Bulk B+ 197±98
Bulk B 0 197±98
B 0 ^  D + n- 40±6
B 0 ^  n 'K 0s 34±5
B 0 ^  f 0(980) K0 22±4
B 0 ^  K0 (1430) + n - 7±1
B 0 ^  p0K*° 3±3
B °  -*■ (K°7r+7r_ )NR 2±1
TABLE I: Expected number of events from each B back­
ground source.
where m ES, A E , NN, m (n + n - ) are the variables de­
scribed previously, and cos 0n+ is the  angle between the 
KS0 and the n+  from the p0 in the p0 m eson’s center-of- 
mass frame.
The A t P D F for signal events is defined as
P  (A t) =
q— I A11 /  t  b
4t b
1 +  + q{D) ( s pOKo sin(Am dA t) -  
CpoK» cos(A m dA t))  <g> Rsig(At,CTAt), (2)
where t b and A m d are the  average lifetime and eigen­
sta te  m ass difference of the neu tral B  meson, q =  
+  1 ( — 1) when B°ec =  B °  (B ° ) ,  (D ) describes the  dilu­
tion  effect from im perfect flavor tagging, and A D  is the 
difference in this dilution between B °  and B °  tags. This 
formalism is found to  effectively describe bo th  correctly 
and incorrectly reconstructed  signal. (D), A D  and the 
A t resolution function, ñ s¡g(A t, ctaí), have param eters 
fixed to  values taken from a sample where B s of known 
flavor can be reconstructed  [10]. “U ntagged” events have 
a (D) of 0, reflecting the lack of tag  inform ation.
The m ES, A E , NN, cos 0n+ and m (n + n - ) PD Fs for 
signal and B  background are taken from MC sim ulation. 
In general they  are non-param etric, w ith the exception 
of m ES and  A E  for signal signal PD Fs appear as solid 
curves in Figure 1 The C P  param eters for V K  and f 0K 0 
backgrounds are fixed to  C  =  0 and S  =  sin 2ß (for 
■ ^ K ) and S  =  — s in 2 ß  (for f 0K 0), in accordance with 
SM expectations. For the  rem aining B  backgrounds the 
param eters C  and S  are fixed to  0. The PD F param eters 
describing the continuum  background are either allowed 
to  vary freely in the fit or else determ ined separately  from 
off-resonance data .
There are 16 free param eters in the fit: the  yield of 
signal events, SpKo and  CpKo and 13 th a t param eterize 
the continuum  background. The continuum  param eters 
are: the  yields (5), and those asociated w ith the second 
order polynom ial describing the A E  d istribu tion  (2), the 
ARGUS [11] function describing the m ES d istribu tion  (1) 
and the double G aussian used to  model the  A t d istribu­
tion  (5).
The fit yields 111 ±  19 signal events. We calculate
x
k
6the branching fraction from the m easured signal yield, 
efficiency (including the p0 ^  n + n - , K 0 ^  K ° and 
K'0 ^  n + n -  branching fractions), and the num ber of 
B B  events. The result is B (B °  —*■ p ° K ° )  =  (4.9 ±
0.8 ±  0.9) x 10- 6 , where the  first error is sta tistica l and 
the second system atic. The likelihood ra tio  between the 
fit result of 111 signal events and the null hypothesis 
of zero signal shows th a t th is is excluded a t the  8.7a 
level. W hen additive system atic effects are included we 
exclude the null hypothesis a t the  5.0a level. The fit for 
C P  param eters gives SpoOo =  0.20 ±  0.52 ±  0.24 and 
C po0 o = 0 .6 4  ±  0.41 ±  0.20.Sp 0 S
Figure 1 shows sP lo ts  [12] of the discrim inating vari­
ables in the fit. Knowledge of the  level of background 
and our ability to  distinguish it from signal can be gained 
from the errors in these plots. In addition, Fig. 1(f) shows 
the ra tio  L S/ ( L S +  ) for all events, where L S and 
are the likelihoods for each event to  be signal or back­
ground, respectively.
Figure 2 shows sP lo ts  of A t. U ntagged events are re­
moved, and events are split in to  B{3ao. tags and  B°ao. tags. 
An /P lo t  of asym m etry {N Bo — Ngn ) / ( N B o +  N g 0 ) 
as a function of A t is also shown.
System atic errors are listed in Table I I . We estim ate 
biases due to  the  fit procedure from fits to  a large num ­
ber of sim ulated experim ents. We vary param eters fixed 
in the nom inal fit by their uncertain ty  and include the 
change in result as the corresponding system atic error. 
The system atic uncertainties arise from sources including 
the param eterization  of the  signal A t resolution function, 
the  m istag fractions, and discrepancies between d a ta  and 
the sim ulation including the effect of alternative models 
for resonances.
We estim ate the system atic uncertain ly  due to  ne­
glecting the intereference between B 0 ^  KS?n+n-  from 
bo th  param eterized and full sim ulations th a t take in­
terference into account. We include contibutions from 
p0(770)K0, fü(980)K 0, K ^(1430)+ n- , K ^(892)+ n-  and 
f 2(1270)K°, as well as two K °n n  non-resonant contribu­
tions. We sim ulate m any samples w ith different relative 
phases between modes. We also vary the am plitude of 
each mode w ithin lim its based on the best available in­
form ation [8, 9]. Each sim ulation is then  subjected  to  the 
stan d ard  selection and fitting procedure. The system atic 
uncertain ty  is taken from the w idth of a G aussian fitted 
to  the d istribu tion  of the results.
In sum m ary, we have established the existance of the 
decay B 0 ^  p0K 0 and m easured its branching fraction 
w ith the significance of 5 stan d ard  deviations. O ur m ea­
surem ent agrees w ithin errors w ith B (B 0 ^  w K 0) as 
m easured in [13], as expected if a single penguin am pli­
tude dom inates these decays. We have ex tracted  the C P  
violating param eters S  and  C  for B 0 ^  p°K_° which are 
consistent w ith those m easured in charm onium  channels
[1].
FIG. 1: sP lots of Maximum Likelihood fit discriminating 
variables: (a) m Es, (b) AE, (c) Neural Network output, (d) 
cos 9n+ , (e) invariant mass of the n -  combination. Lines 
are projections of signal PDFs for each variable. (f) is a plot 
of the likelihood of an event being signal calculated for all 
events in our dataset and compared to the predictions of our 
PDF (predicted continuum in light grey, B  Background in 
dark grey and signal in white).
We are grateful for the excellent lum inosity and m a­
chine conditions provided by our P E P -II colleagues, and 
for the  substan tia l dedicated effort from the com put­
ing organizations th a t support BABAR. The collabo­
ra ting  institu tions wish to  thank  SLAC for its sup­
p o rt and kind hospitality. This work is supported  by 
DOE and NSF (USA), NSERC (C anada), IH E P (China), 
CEA  and CNRS-IN2P3 (France), BM BF and DFG (Ger­
m any), INFN (Italy), FOM  (The N etherlands), N FR 
(Norway), M IST (Russia), MEC (Spain), and PPARC 
(U nited K ingdom ). Individuals have received support 
from the M arie Curie E IF  (European Union) and the
A. P. Sloan Foundation.
7FIG. 2: sV lots of A t, overlaid with projected signal PDFs, 
split into (a) Bt°ag tags, (b) B°ag tags and (c) the asymmetry 
(N b o — Ngo ) / ( N b o +  Njjo ) as a function of A t  .
Mis-reco’d events and fit bias 0.12 0.09 10
PDF uncertainties 0.13 0.18 2
Tagging parameters 0.02 0.01 -
Neglect of intereference 0.14 0.09 7
p0 mass shape 0.07 0.05 3
B Background BF 0.02 0.10 13
C P  of background 0.04 0.00 - 
Tracking efficiency & B counting - - 6
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